In light of recent 80-137 fb −1 results at the LHC Run 2 establishing a lower gluino mass limit of 2.25 TeV, we revisit the supersymmetric GUT model Flipped SU (5) with extra vector-like particles, known as F-SU (5), with vanishing No-Scale Supergravity boundary conditions at the string scale of about 2 × 10 17 GeV, including the supersymmetry breaking Bµ parameter which is strictly enforced as Bµ = 0. Given the proportional dependence of all model scales on a single parameter M 1/2 , No-Scale F-SU (5) was shown to possess no electroweak fine-tuning and thus persists as a natural one-parameter model. In this fresh analysis here, we demand consistency with the measured 125 GeV light Higgs boson mass, though we forgo an upper limit on the lightest neutralino relic density. The resulting phenomenology delivers a gluino mass of M ( g) 7.5 TeV and a lightest supersymmetric particle (LSP) of M ( χ 0 1 ) 1.6 TeV. In order to dilute the relic density down to the WMAP and Planck measurements, we rely upon a single cosmological master coupling λ6.
INTRODUCTION
The ATLAS and CMS Collaborations recently released the 80-137 fb −1 results at the LHC Run 2 recorded from 2017-18, highlighted by no significant deviation beyond the expected Standard Model background [1] . The dearth of any positive signal of supersymmetry (SUSY) has elevated the lower bound on the gluino mass to 2. 25 TeV with regards to the ATLAS and CMS g → tt + χ 0 1 simplified model scenarios [2, 3] . The advancement of gluino limits above 2 TeV further strains the SUSY model space, providing impetus for phenomenologists to build SUSY models supporting a heavy gluino, yet remain consistent with the measured light Higgs boson mass of M h = 125.1 ± 0.14 GeV [4] [5] [6] and the WMAP 9-year [7] plus 2018 Planck [8] observed relic density on the dark matter content in our universe of Ω DM h 2 ≃ 0.12, in addition to satisfying the world average top quark mass of M t = 173.1 ± 0.9 GeV [6] . In this current age of multi-TeV gluino exclusion limits, the intersection of all these empirically validated quantities becomes ever more increasingly difficult. Despite the aforementioned hurdles, we shall present here an intriguing case for a natural SUSY model with no electroweak finetuning that does indeed meet the experimental requirements just noted and can also generate a heavy gluino that would not as yet been produced at the LHC Run 2 in sufficient quantities for detection.
The SUSY Grand Unification Theory (GUT) model Flipped SU (5) [9] [10] [11] with additional vector-like multiplets [12] (referred to as flippons [13] ), better known as F -SU (5) [14, 15] , was shown to possess no electroweak finetuning within the construct of vanishing No-Scale Supergravity boundary conditions at the unification scale [16] . The proportional dependence of all SUSY model parameters as well as the electroweak scale Z-boson mass M Z and top quark mass M t upon a single unified model variable M 1/2 established No-Scale F -SU (5) as a genuine one-parameter model [17] . This overall rescaling at the leading order in terms of the mass scale M 1/2 is analogous to the fixing of the Bohr atomic radius in terms of the physical electron mass and charge, by minimization of the electron energy [18] . In both these instances, the spectrum scales corresponding to fluctuation in the selected constants, whereas the relative internal structure of the model is left intact. The single parameter nature of No-Scale F -SU (5) was shown to lead to the rare and highly desirable attribute of no electroweak fine-tuning and thus a rather natural SUSY GUT model [16] . Moreover, No-Scale F -SU (5) was shown to be consistent with every SUSY experiment presently collecting data, without exception (For example, see References [19] [20] [21] ). The natural characteristics of the model and conformity with all ongoing experimental measurements motivated a keen focus in recent years on available LHC Run 2 data within the context of the model's predicted phenomenology [22] . The only question was could the model survive potential null LHC findings and thus an escalated severe constraint on the gluino mass? An analysis of No-Scale F -SU (5) in 2016 [21] showed a curious convergence of the observed central value of the light Higgs boson mass, world average top quark mass, and measured WMAP+Planck relic density upon the gluino mass range then being probed at the LHC Run 2. The union of these three critical experimental values in the model occurred in a narrow gluino mass window of M ( g) = 2.0 − 2.3 TeV [21] , justifying the sharp attention paid to the 2017-18 LHC data and any possible hint of a signal [22] . However, with the absence of any statistically significant excess events in the 80-137 fb −1 collision reports [1] , the revised ATLAS and CMS lower bound on the gluino mass of M ( g) ≥ 2.25 TeV [2, 3] 2 , we can raise M 1/2 , and thus all proportional SUSY masses, generating a heavy gluino well in excess of 2.3 TeV. Apart from precipitating a larger relic density, another crucial side effect of a heavier SUSY spectrum involves a larger light stop, and hence coupled through a large top Yukawa term, a larger light Higgs boson mass M h as well. To counter this adverse development, a smaller top quark mass M t is needed in order to suppress M h to near its measured value. We strive to contain M t within its world average range, so the end result is that a maximum M 1/2 is established and therefore also a cap on the gluino and LSP mass in the model space. We shall show that this upper boundary on the gluino mass is about M ( g) 7.5 TeV and M ( χ 0 1 ) 1.6 TeV for the LSP. Yet, we are still faced with the reality of diluting the larger relic density down to its WMAP+Planck measured value. We recognize two feasible approaches to solve the large relic density problem: (1) Realize the dilution through a uniquely elegant mechanism that engages a single cosmological master coupling λ 6 [23] ; or (2) Introduce the Peccei-Quinn mechanism [24] to solve the strong CP problem, and consider the axino as the LSP [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In this paper we shall elaborate upon only the master coupling λ 6 method and its exclusive relevance to the Flipped SU (5) × U (1) X GUT model.
In this analysis we initially briefly review the favorable elements of the No-Scale F -SU (5) model and also an overview of the master λ 6 coupling. We then describe our analytical process related to the calculations. Finally, we outline the resulting phenomenology, introducing the heavy gluino and more massive SUSY spectrum that evades the current LHC exclusion limits on the gluino mass.
THE F -SU (5) MODEL
We merely provide a superficial review here. For a more in-depth background we refer the interested reader to the wealth of literature published on No-Scale F -SU (5) (For example, see Refs. [17, 19, 21, 40, 41] and references therein). No-Scale F -SU (5) benefits from all of the favorable phenomenology of Flipped SU (5) × U (1) X [9] [10] [11] 42] , such as (i) fundamental GUT scale Higgs representations (not adjoints); (ii) natural doublettriplet splitting; (iii) suppression of dimension-five proton decay; (iv) a two-step see-saw mechanism for neutrino masses; (v) a valuable theoretical catalyst in No-Scale Supergravity [43] [44] [45] [46] [47] ; (vi) a SUSY breaking mechanism that secures a vanishing cosmological constant at tree level which promotes the longevity and cosmological flatness of our Universe [43] ; (vii) natural suppression of CP violation and flavor-changing neutral currents; and (viii) minimization of the loop-corrected scalar potential via dynamic stabilization with a vital contraction in parameterization freedom.
Mass degenerate superpartners of the Standard Model fields have not been observed, so it can be assumed that SUSY is broken near or beyond the TeV scale. This occurs initially in a hidden sector in the minimal Supergravity model, then propagates into the observable sector by gravitational interactions. The SUSY breaking process is parameterized by the following universal soft SUSY breaking terms: gaugino mass M 1/2 , scalar mass M 0 , and trilinear coupling A 0 . The ratio of the low-energy Higgs vacuum expectation values (v.e.v.'s) tanβ and sign of the Higgs bilinear mass term µ remain undetermined. Knowledge of the Z-boson mass M Z along with minimization of the electroweak Higgs potential determine the magnitude of the µ term and its complimentary bilinear soft term B µ or tanβ during electroweak symmetry breaking. The most elementary No-Scale SUGRA scenario fixes M 0 = A 0 = B µ = 0 at unification, with the entire array of SUSY breaking soft terms evolving from unification down to low-energy from the single gaugino mass parameter M 1/2 . In that event, the SUSY particle spectrum will be proportional to the mass parameter M 1/2 at the leading order. Given the mandate that B µ = 0, the value of tanβ is then determined in principle. To incorporate this numerically, a consistency check is completed by floating the value of tanβ and subsequently identifying those points that naturally converge on a vanishing B µ parameter. Points successful in this endeavor are then confirmed as adhering to the strict NoScale SUGRA M 0 = A 0 = B µ = 0 condition.
Two sets of vector-like multiplets derived from local F-Theory model building [14, 15] , dubbed flippons [13] , are introduced at the TeV scale to aid in realization of string-scale gauge coupling unification [12, 14, 15] . Revisions to the one-loop gauge β-function coefficients b i to account for contributions from the vector-like multiplets split the final SU (5) × U (1) X unification at around 2×10
17 GeV (referred to as the M F scale) and secondary [40] , and hence α 5 = α 2 = α 3 , at M 32 . The M 1 gaugino mass term experiences a small shift due to U (1) X flux effects [40] between M 32 and M F [17] , therefore, M 1 is referred to as M 1X above M 32 . The scale M F is defined by unification of the couplings α 5 = α 1X , with unification elevated to near the string scale and Planck mass. The resultant flattening of the M 3 dynamic evolution from M 32 down to the electroweak scale spawns a uniform SUSY mass spectrum ordering of M ( t 1 ) < M ( g) < M ( q), where the light stop and gluino are lighter than all other squarks [19] . All the vectorlike particles are decoupled at low-energy at a common mass scale M V , which is left as a free parameter. Present LHC constraints on vector-like T and B quarks [48] fix the lower limit near 855 GeV, so we situate our absolute lower M V limit at M V ≥ 855 GeV, though we shall only consider much larger M V scales in this work.
THE MASTER λ6 COUPLING
A remarkable consequence of the No-Scale Flipped SU (5) framework is its natural application to the early universe, providing a Starobinsky-like inflationary model [49] which is consistent with all present cosmological data. Furthermore, the inflaton is identified with one of the endemic four singlets [50] [51] [23] that are necessary to provide light neutrino masses and mixings through the double seesaw mechanism [52] . The λ 6 FHφ term (F = 10 of matter fields,H = 10 of the GUT Higgs multiplet, and φ the singlet field) generates a mixture of the inflaton with the heavy right-handed sneutrino field ν R , as ν R ∈ F . In this framework, the inflaton decays, hence reheating, thus gravitino production. Therefore, LSP production through gravitino decays depends explicitly on the λ 6 coupling, which also determines the light neutrino masses/mixing [51] [23] [53] . The baryon asymmetry of the universe created through the sphaleron-recycling of the lepton asymmetry initiated by the out of thermal equilibrium ν R decays also depends directly on the λ 6 coupling, thus it has been called the master λ 6 coupling, or the λ 6 universe [23] . In this λ 6 universe, the GUT F -SU (5) 16 GeV), decouples from the thermal bath, and when T ≤ m Φ (∼ 10 4 GeV) it becomes nonrelativistic and eventually dominates the energy density of the universe until it decays. The decay of the flaton generates a second period of reheating where the amount of entropy released by the flaton decay ∆ may be as big as O(10 4 ). As a result, such kind of dilution factor ∆ may allow us to overproduce thermally produced LSPs that eventually may be diluted down to the right Ω DM h 2 , and hence open up the SUSY parameter space [23, 53] .
ANALYTICAL PROCEDURE
The unified gaugino mass parameter M 1/2 is varied from 1200 ≤ M 1/2 ≤ 5500 GeV, where M 1/2 ≃ 1200 GeV roughly correlates to M g ≃ 1600 GeV, the minimum gluino mass of interest. We consider a large range on the vector-like mass decoupling scale M V , expanding our scan in this analysis to 10 ≤ M V ≤ 1500 TeV. The ratio of the v.e.v's tanβ is permitted to span most of its functional range at 2 ≤ tanβ ≤ 50. For the top quark mass M t , we float the value well outside its known world average limits [6] to ascertain intrinsic consistency of the top mass with respect to M 1/2 and thus the SUSY spectrum. The effective implementation compelled extended scanning limits of 169 ≤ M t ≤ 178 GeV. The results of g µ − 2 for the muon have suggested a positive value for the SUSY breaking term µ, therefore we only consider µ > 0. The null B µ = 0 No-Scale SUGRA theoretical condition at the M F scale is strictly applied as |B µ | ≤ 1 GeV, compatible with the induced variation from fluctuation of the strong coupling within the perimeter of its uncertainty, and similarly with the anticipated scale of radiative electroweak corrections.
The measured light Higgs boson mass is given by M h = 125.1 ± 0.14 GeV [4] [5] [6] , but for our applied constraint we allow for a 2σ experimental uncertainty over and above a theoretical uncertainty of about 1.5 GeV. The approximate combined experimental and theoretical error gives a practical but firm constraint of 124 ≤ M h < 127 GeV. The vector-like flippons will couple to the Higgs fields via , before dilution by the cosmological master coupling λ6. Also itemized are the values and branching ratios for the rare-decay processes. the flippon Yukawa coupling, however, the flippon contribution to M h is inversely proportional to the vector-like decoupling scale M V [54] . For M V 5 TeV, the flippon contribution quickly approaches a negligible value, hence the flippon coupling to the Higgs field can be neglected in this work with no impact to the final results.
A comparison of the No-Scale F -SU (5) model is undertaken against the SUSY contribution to the raredecay processes, namely, the branching ratio of the rare [6] world average for the strong coupling constant is α S (M Z ) = 0.1181 ± 0.0011 at 1σ, and we employ α S = 0.1184 in our calculations. 2 , the linear relationship is not quite as sharp as prior studies [21] , but it nonetheless prevails and remains rather strong. Evidently, the gluino mass in FIG. 1 could continue uninterrupted indefinitely, provided it may accommodate a world average top quark mass. This is not the case though, as FIG. 2 unequivocally illuminates. As explained, the largeness of the SUSY spectrum, and therefore the light stop, ensures a decreasing top quark mass in order to preside within our Higgs mass constraint. The spectra cannot support a top mass within its own world average limits [6] 2 arises from limiting the calculations to 1200 ≤ M 1/2 ≤ 5500 GeV for pragmatic reasons. Boosting the upper M 1/2 limit would surely increase the density of points at large M 1/2 and small M t , though the trend and conclusion is unmistakable nevertheless.
A dozen benchmarks points are presented in TABLE I, representative of the full region of viable model space. The benchmarks points are more concentrated within the LHC's near future accessibility of about M g 3 TeV, though characteristics of the far heavier region are submitted as well. Interestingly, the maximum tanβ for any viable point is 25, with the massive gluino region M g 3 TeV necessarily requiring tanβ ∼ 10.
The obvious demarcation point at M g ≃ 7.5 TeV illustrated in FIG. 2 does usefully serve as an approximate upper boundary on the gluino mass in the No-Scale F -SU (5) model. Of course, this mass scale is primarily provided for reference since it is far beyond the reach of the LHC Run 2 and certainly the LHC in any configuration of future upgrades. Pair production of such massive gluinos most likely will require at least a 100 TeV particle collider. In the disconcerting event no SUSY discovery is celebrated at the LHC in the forthcoming years, the deeply natural attributes of No-Scale F -SU (5) can serve as one component of justification for a powerful 100 TeV collider in the coming decades.
